Abstract Mesenchymal stem cells (MSCs) can differentiate into chondroblasts, adipocytes, or cartilage under appropriate stimulation. Identifying a mechanism triggering the differentiation of MSCs into cartilage may help develop novel therapeutic approaches for treating heterotopic ossification, the pathological formation of lamellar bone in soft tissue outside the skeleton that can lead to debilitating immobility. Ghrelin, an endogenous ligand for the growth hormone secretagogue receptor, stimulates growth hormone secretion, and has both orexigenic and adipogenic effects. This study sought to understand the potential involvement of the ERK1/2 signaling pathway in the ghrelin-induced growth of rat MSCs (rMSCs). We applied various concentrations of ghrelin to cultured rMSCs by observing the changes in the phosphorylation state of ERK1/2, p38, JNK as well as the type II collagen expression levels by western blot. The highest expression level for both type II collagen was obtained with 600 ng/mL ghrelin at 24 h. We found that the ghrelin-induced differentiation of rMSCs into cartilage was promoted primarily by the ERK1/2 pathway. Our study suggests that ghrelin induced differentiation of rMSCs into cartilage primarily through the ERK1/2 pathway.
Introduction
Bone marrow-derived mesenchymal cells (BMSCs) are among the best characterized of all stem cells studied so far, with great differentiation ability and being able to secrete factors beneficial for tissue repair (Zhu et al. 2013; Yin et al. 2016) . Besides, they are of low immunogenicity and can exert potent immunosuppression (Zhou et al. 2016a, b) . Moreover, MSCs have been widely reported to exert angiogenesis in in vitro and in vivo experiments (Zheng et al. 2016) . Basic research on MSCs in certain fields has led to the initiation of clinical trials worldwide (Zhao et al. 2016b) . To provide therapeutic benefits and further understand the mechanisms responsible for them, large numbers of cells are needed (Zhao et al. 2016a ).
Ghrelin, a 28-amino-acid peptide identified as the first endogenous ligand for the growth hormone secretagogue receptor (GHS-R) (Xu et al. 2008; Wu et al. 2015) , is found mainly in stomach and hypothalamus where it exercises biological activities such as regulating food intake and stimulating the release of growth hormone (GH) (Tena-Sempere 2005) . It has been recently reported that ghrelin is also synthesized and secreted by cardiomyocytes and that ghrelin treatment inhibits cell death and apoptosis and promotes cell proliferation in cardiomyocytes (Tack and Corsetti 2015) . In addition, several studies have shown that ghrelin is involved in regulating the differentiation of mesoderm-derived precursor cells including premyocyt, osteoblast, and preadipocyte either in vivo or in vitro (St-Onge et al. 2016; Shi et al. 2016) .
Cellular signaling is essential for the cells' ability to respond to the environment by integrating external cues to intracellular mediators and effectors. Activation of mitogen-activated protein kinases (MAPKs) constitutes a paradigm of intracellular signaling (Zhang et al. 2015 (Zhang et al. , 2016 . p38, a subgroup of the MAPKs, was initially identified as a transducer of the response to inflammatory and environmental stress conditions (Zhang et al. 2015 (Zhang et al. , 2016 Xie et al. 2014 ).
Phosphorylation of these threonine and tyrosine residues results in a conformational change that increases the accessibility of the active site and enhances catalysis (Urosevic et al. 2014) . ERKs are activated in response to various cytokines and growth factors and mediate primarily mitogenic and antiapoptotic signals (Smith et al. 2014) .
Previously, we have found ghrelin is a growth factor important for the proliferation of mesenchymal stem cells, as well as essential to promote the differentiation of the mesenchymal stem cells to osteoblast cell. However, the effect of ghrelin on cartilage cells was not shown. In this study, ghrelin effects on the differentiation of the mesenchymal stem cells to cartilage cells was studied. 
Materials and methods
Unless otherwise specified, all chemicals and reagents were purchased from Sigma Chemical Company (St. Louis, MO, USA). Antibodies to IgG, GAPDH, ALP, Runx2, Osterix, CD44, CD34, U0126 (an inhibitor of phospho-ERK1/2) ERK1/2, JNK, p90 rsk , phospho-ERK1/2, phospho-JNK and phospho-p90 rsk1 (Ser380) were purchased from the Abcam Corporation Cambridge, MA, USA). ECL regent was purchased Pierce (Rockford, IL, USA). Alexa Fluor 488 goat anti-rabbit IgG (H ? L) secondary antibody was purchased from Abcam Corporation.
Isolation and culture of rMSCs
The rMSCs were obtained from a neonatal New Zealand white rabbit. The bone marrow was flushed with low glucose Dulbecco's modified Eagle's medium (DMEM) using a 1 mL syringe. Cells were harvested in culture dish, cultured in an incubator at 37°C with 5% CO 2 . The animal protocol was approved by The Inner Mongolia Medical University Experimental Animal Management Committee.
Immunofluorescence
The rMSCs, at room temperature, were fixed in 3.7% paraformaldehyde for half an hour. Blocked with 1% bovine serum albumin in PBS with 10% goat serum overnight at 4°C. The samples were then incubated with primary antibodies diluted in PBS. The primary antibody binding was detected with an Alexa Fluor 488 goat anti-rabbit IgG (H ? L) secondary antibody. The fluorescence images were captured with a microscope.
Flow cytometric analysis
Cells were stained with the following antibodies: fluorescein isothiocyanate (FITC)-conjugated monoclonal antibodies against rat CD44, CD34. Cells were Fig. 2 Expression levels of type II collagen in cartilage induced by standard differentiation-inducing medium supplemebted with 600 ng/mL ghrelin. a Expression of type II collagen assessed by western blot. b Contrast gray value of type II collagen based on the western blot, presented as mean ± SD (n = 5). *Significantly different from the 0 h group (P \ 0.05). Contrast gray value of type II collagen = gray value of type II collagen/gray value of b-actin Fig. 3 Effects of 600 ng/ml ghrelin on mitogen-activated protein kinase (MAPK) activation in rBMSCs cells. a Expression of total and phosphorylated ERK1/2, JNKs, and p38 proteins. b Ratios of phosphorylated to non-phosphorylated ERK1/2, JNKs, and p38 based on the western blot, presented as mean ± SD (n = 5). *Significantly different from the 0 h group (P \ 0.05). Contrast gray value of phosphorylation protein = gray value of phosphorylated protein/gray value of non-phoshporylated protein
Cytotechnology (2018) 
Western blotting
The protein, obtained from rMSCs, were separated using electrophoresis on 12% SDS-PAGE and transferred to immunoblot nitrocellulose membranes. Membranes were blocked and then incubated with primary antibodies overnight at 4°C. The membranes were subsequently washed three times with PBS, incubated with peroxidase-conjugated secondary antibodies. Using ECL reagents to reveal the results (Pierce, Rockford, IL, USA).
Cartilage differentiation
The rMSCs were plated at a density of 5000 cells/cm 2 and exposed to standard differentiation-inducing media for 21 days. The medium (5 lg/ml insulin, 5 lg/ml transferrin, 5 lg/ml selenous acid, 0.1 M dexamethasone, 0.17 mM ascorbic acid-2-phosphate, 1 mM sodium pyruvate, 0.35 mM proline, 1.25 mg/ ml BSA, and 10 lg/ml transforming growth factor beta 3) was changed twice per week. Cartilage differentiation was achieved following standard in vitro protocols (Fromigué et al. 1998 ).
Statistical analysis
One-way analysis of variance (ANOVA) with GraphPad Prism version 5 software (GraphPad Software, La Jolla, CA, USA, www.graphpad.com/company/) was used for statistical analysis of the data. Data are presented as mean ± S.D.
Results

Identification of rMSCs
On day 10, cells reached 80% confluence. On day 13, the cells displayed a uniform spindle shape and reached 100% confluence. To further identify the rMSCs, the expression of CD34 and CD44 was examined by immunofluorescence. The cells were CD44 positive but CD34 negative (Fig. 1a) . Flow cytometric analysis showed that the isolated cells strongly expressed the surface markers of mesenchymal stem cells, such as CD44, but almost no markers CD34 (Fig 1B) . Optimal time for ghrelin-induced effects on the differentiation of rMSCs into cartilage
The optimal of ghrelin for the effects on the differentiation of rMSCs into cartilage was established. Figure 2 shows the expression levels of type II collagen and glycosaminoglycan at a ghrelin concentration of 600 ng/mL at 0, 12, 24, and 36 h. The highest expression level for both type II collagen was in presence of 600 ng/mL ghrelin at 24 h.
Ghrelin promotes the differentiation of rMSCs into cartilage via the ERK1/2 pathway
To identify the signaling pathway through which ghrelin acts to promote the differentiation of rMSCs into cartilage, cells were treated with 600 ng/mL of ghrelin for 0, 12, 24 and 36 h, and the phosphorylation levels of ERK1/2, JNK, p38 were examined on 0, 12, 24, and 36 h (Fig. 3a) . Figure 3b shows that the ratios of phosphorylated to non-phosphorylated ERK1/2 were higher on 24 and 36 h than on 0 and 12 h. To verify that ghrelin promotes the differentiation of rMSCs into cartilage via the ERK1/2 pathway, the ERK1/2 signaling inhibitor U0126 (a specific inhibitor of ERK1/2 phosphorylation) was used to inhibit ERK1/2 phosphorylation activity. Following the addition of U0126, the cells were treated with ghrelin for 0, 12, 24, and 36 h. We found that the phosphorylation of ERK1/2 was not changed and was low (Fig. 4a, b) . In addition, the expression levels of type II collagen were not changed and were very low (Fig. 4c, d ).
When this treatment was repeated with the addition of 10 -9 mg/ml D-Lys3-GHRP-6, compared with treatment with ghrelin only, the phosphorylation of ERK1/2 was reduced (Fig. 5a) . The phosphorylation status of the JNKs and p38 were not significantly modified (Fig. 5b) , nor were the levels of type II collagen (Fig. 6) .
This result suggests that ERK1/2 plays a key role in ghrelin's ability to accelerate the growth of rMSCs. To test this, U0126 (a specific inhibitor of ERK1/2 phosphorylation) was used to silence ERK1/2 expression. In the presence of U0126, ghrelin (600 ng/ml) did not accelerate the expression levels of type II collagen.
Discussion
It may help to develop novel therapeutic approaches for treating heterotopic ossification, and to find trigger the differentiation of rMSCs into cartilage mechanisms (Kara et al. 2015) . Here, the ghrelin-induced differentiation of rMSCs into cartilage was promoted primarily via the ERK1/2 pathway was shown, and when U0126 was added, the function of ghrelin inducing differentiation of rMSCs into cartilage was inhibited.
Ghrelin, an endogenous ligand for the growth hormone secretagogue receptor (GHSR), is a 28-amino-acid peptide produced from a 117-amino acid preprohormone (Rambhojan et al. 2015) . It has been recently reported that ghrelin is also synthesized and secreted by cardiomyocytes and that ghrelin treatment inhibits cell death and apoptosis and promotes cell proliferation in cardiomyocytes (Moon et al. 2009; Gao et al. 2013) . Previously, we have found that ghrelin (600 ng/ml) can promote the growth of rMSCs and the rMSCs differentiation to osteoblast cell. Ghrelin/GHSR signaling pathway accelerates rMSC growth and promotes rMSC differentiation to osteoblasts mainly through an ERKdependent pathway (Ye and Jiang 2015) . In this study, we found that ghrelin can promote the rMSCs differentiation to cartilage, especially at 24 h. At that time, as the marker protein, the type II collagen was expressed at higher levels at 24 h than at 0 and 12 h.
In this study, we found that the ghrelin-induced differentiation of rMSCs into cartilage was promoted primarily through the ERK1/2 pathway. The MAPKs are a super-family of serine/threonine kinases that include ERK, JNK, and p38 (Rodriguez-Pena et al. 2013) . These kinases are involved primarily in the activation of nuclear transcription factors that control cell proliferation, differentiation, and apoptosis (Qiu et al. 2014) . To verify the ERK1/2 function, the U1206 was used to inhibit the ERK1/2 phosphorylation activity. The type II collagen expression was reduced. Therefore, the function of rMSCs differentiation to cartilage was also inhibited. Further, the gherlin receptor (GHRS) was inhibited by D-Lys3-GHRP-6. We also found that type II collagen expressed was inhibited and the rMSCs differentiation to cartilage was also inhibited.
Overall, our results provide evidence that the ghrelin/GHSR signaling pathway promotes rMSC differentiation to cartilage mainly through an ERKdependent pathway. In this study, we found that the ghrelin-induced differentiation of rMSCs into cartilage was promoted primarily bythe ERK1/2 pathway. Further studies are necessary before any clinical application is considered.
